To test whether insulin secretion is self-regulatory, canine pancreata were isolated and perfused in vitro and were infused with 0.3, 0.6, or 1.2 mU/ml exogenous insulin. Basal and arginine-stimulated concentrations of C-peptide, glucagon, and somatostatin were measured. There were no significant differences between basal secretion nor the increment of arginine-stimulated secretion for each respective hormone at each exogenous insulin concentration. The second preparation studied was a vascularly isolated, yet innervated, in situ perfused pancreas. Exogenous insulin (1 mU/kg per min) was infused "systemically"; the pancreas received no insulin. Endogenous pancreatic insulin and C-peptide secretion was suppressed, while pancreatic glucagon secretion increased during systemic insulin infusion. No changes in pancreatic hormone secretion occurred after the sympathetic nerves were sectioned. These results suggest that exogenous insulin does not directly suppress the B cell, but can suppress insulin secretion through an indirect neurally mediated, insulin-dependent nerve mechanism. 
Introduction
That insulin secretion may be regulated by feedback inhibition by insulin itself has been suggested from studies in normal humans and from in vitro studies of perifused islet preparations and isolated perfused rat and canine pancreata (1) (2) (3) (4) (5) . However, the evidence for a direct intraislet effect of insulin upon the B cell has been controversial owing to problems of experimental design, such as possible diffusion artifacts in isolated islet preparations, species differences between endogenous and exogenous insulin (6) and the necessity of measuring differences in endogenous insulin secretion during exogenous insulin infusion by indirect mathematical methods (2, 3) . Therefore, depending upon the system examined and the experimental design, exogenous insulin has either been suggested to have no effect upon endogenous insulin release (1, (7) (8) (9) (10) or to be inhibitory (2, 4-6, 1 1, 12) . Reports concerning in vitro self-inhibition by insulin have thus been inconclusive (1, 2, 6, 8, 9) , although a recent report has suggested that exogenous insulin had no effect upon C-peptide secretion (10) from isolated rat islets. Reports from in vivo studies have not alleviated the controversy as to whether the inhibition of endogenous insulin secretion by exogenous insulin is from a direct or an indirect effect upon the B cell, even though measurements of C-peptide in vivo have demonstrated clearly that during glucose clamping exogenous insulin inhibits endogenous insulin release (4, 5, 7, 11, 12) .
To determine whether the effects ofexogenous insulin upon endogenous insulin secretion are the result of a direct or an indirect effect upon the B cell two models were examined. First, the canine pancreas was isolated and perfused in vitro (13) to test for possible direct effects of exogenous insulin upon the B cell. Changes in endogenous insulin secretion during the infusion ofexogenous insulin were monitored by the measurement of Cpeptide (14) . The second system examined was a vascularly isolated, yet innervated, perfused canine pancreas preparation. In this in situ innervated preparation, exogenous insulin could be administered specifically to the systemic circulation without contacting the pancreas itself. An inhibiting effect generated by systemically infused exogenous insulin upon both endogenous insulin and C-peptide release in this in situ preparation, would suggest that the inhibitory action was (a) an indirect effect upon the B cell, as exogenous insulin was excluded from pancreatic circulation and (b) neural in character.
Methods
Fasted mixed breed male German shepherd dogs weighing 25-30 kg were used as pancreas donors. Methods used in pancreatectomy and perfusion are described in detail elsewhere (13) .
Exogenous porcine insulin (provided by Eli Lilly & Co., Indianapolis, IN) was infused into the isolated in vitro pancreata at concentrations of 0.3, 0.6, or 1.2 mU/ml as separate perfusions for 45 min and then in combination with 10 mM arginine for 10 min. An arginine stimulation was used to more accurately test for endogenous insulin suppression, because a constant glucose concentration, i.e., clamp, was maintained throughout the study. Owing to the difficulties associated with determining endogenous insulin concentrations during exogenous insulin infusion, baseline C-peptide concentrations and the increment of change from the respective baseline during an arginine stimulation were calculated as an index of the possible suppression of endogenous insulin secretion by exogenous insulin. Effilux concentrations of C-peptide (14) , glucagon, and somatostatin (13) were determined by radioimmunoassay as previously described.
The in situ pancreas preparation, in which the pancreas was isolated vascularly yet remained innervated, was a modification of the methods described by Alteever et al. (15) Care was taken not to damage sympathetic and vagal trunks as they passed caudad through the diaphragm. The inferior mesenteric artery was ligated and a splenectomy was performed. The celiac and superior mesenteric arteries were located and the superior mesenteric artery was ligated. All branches ofthe celiac artery were ligated except the superior pancreaticoduodenal artery. The celiac artery was minimally exposed and cannulated with a flanged metal cannula. Great care was taken not to disturb the tissue between the celiac and superior mesenteric artery and any visible nerve tracts. The pancreas was perfused with oxygenated media as described elsewhere (13). The portal vein was then ligated and cannulated to drain the pancreas. A metal bar clamp was applied to the duodenum distal from the superior pancreaticoduodenal artery in order to prevent contamination ofthe pancreatic efflux by intestinal hormones and to provide support to the pancreas to prevent restriction of media flow and edema. Body temperature, pH and blood glucose levels were adjusted as required and monitored at 1-5-min intervals throughout the experiment. Pancreatic efflux temperature, flow rate, pH, and perfusate pressure were monitored throughout the procedure as established for the in vitro pancreas ( 13) .
After the insulin infusion portions ofthe experiments were concluded, the integrity of the nervous system was tested with a brief 3-5-min period of electrical stimulation (20 V, 5 Hz, 1 ins) of the cervical sympathetic trunks. The left and right sympathetic trunks were exposed and isolated distal from the heart. All tissue was stripped from the nerves for 2-3 cm in two areas for electrode placement and nerve sectioning. Pin electrodes or liquid junction electrodes were inserted into and around the nerves and secured in place, free of surrounding tissue. The left and right sympathetic trunks were sectioned anterior to the electrodes.
The degree of vascular isolation of the pancreas was determined by the injection of I mCi of 99mTc pertechnetate labeled albumin into the peripheral circulation. After 15 min ofequilibration, timed samples were taken both from the perfusate efflux and peripheral blood for comparison of radioactivity and a ratio was calculated. During the study, blood samples were obtained at 3-min intervals and were assayed for glucose concentration by means of a portable glucose analyzer (Yellow Springs Instruments, Yellow Springs, OH). Based upon the glucose concentration, the glucose infusion rate was adjusted to maintain a glucose concentration or "glucose clamp" of 200 mg/dl in blood perfusing the body and brain (16) . Glucose was clamped at this concentration in order to prevent central nervous glycopenia, which is known to activate the autonomic nervous system. Throughout both in situ and in vitro studies, the pancreatic perfusate glucose concentration was maintained at 88 mg/dl to facilitate the measurement of glucagon. Exogenous insulin was infused into the systemic circulation at 1 mU/kg per min for 15 min as a single infusion. Insulin and C-peptide measurements were performed upon simultaneously collected efflux and plasma samples to determine systemic insulin concentrations before and during systemic insulin infusions. Statistical differences of basal and arginine-stimulated insulin, C-peptide, glucagon, and somatostatin values between control periods (no exogenous insulin) and exogenous insulin infusions were determined by Student's I test.
Results
Effect of exogenous insulin upon C-peptide, glucagon, and somatostatin secretion from the in vitro perfused pancreas. There were no significant differences in basal C-peptide concentrations between control perfusions (no exogenous insulin) and those results obtained from each respective exogenous insulin infusion (Table I ). In addition, there were no differences between the arginine-stimulated increments of C-peptide secretion between controls and exogenous insulin infusions (Table I) . There was a similar lack of suppression of basal and arginine-stimulated secretion of glucagon and somatostatin (Tables II and III , respectively) between controls and exogenous insulin infusions.
Effects of "systemic" exogenous insulin upon insulin, C-peptide, and glucagon secretion from the in situ perfused pancreas. The in situ pancreas preparation is unique in that the pancreas is excluded from the systemic vasculature and all blood borne metabolites, although neural connections to the body are maintained. That the neural connections were maintained and functional was established by electrically stimulating the cervical sympathetic nerves, which resulted in an increase in perfusion pressure (7.3±3% change from basal, n = 10, P < 0.05) resulting from pancreatic arteriolar contraction, a decrease in efflux flow rate (-10.3±1% change, n = 10, P < 0.05) and a decrease in the secretion of endogenous insulin (-64±10% change, n = 10, P < 0.0 125). The relative systemic contamination or leakage of exogenous insulin into the pancreatic efflux was minimal as only 0.24±0.01% of the 99Tc-pertechnetate in vena caval blood was found in the pancreatic efflux (n = 10), yielding an estimated 0.9±0.12 AU/ml per min leakage calculated by: cpm 99Tc in pancreatic efflux 99.~~~~X plasma insulin concentration cpm 99Tc in postcaval plasma from a systemic insulin infusion of 1 mU/kg per min. Preinfusion systemic insulin concentrations were 3.4±1.7 gU/ml while concentrations of 366±88 ,uU/ml (n = 8) were obtained from plasma samples drawn at the termination of systemic insulin infusions. Plasma glucose concentrations were maintained at 200±10 mg/ (1-12) may be ascribed to the differences between the in vivo dl throughout the study.
and in vitro systems examined, as well as the difficulties of inAs presented in Table IV , endogenous insulin and C-peptide terpretation presented by the attempt to measure endogenous secretion decreased in response to the systemic infusion of ex-insulin secreted during the presence of often large concentrations ogenous insulin (P < 0.0025 and P < 0.05, respectively). There of exogenous insulin. Results obtained from isolated islets have was a concomitant increase (P < 0.0025) in glucagon secretion the additional problem of interpretation imposed by possible during systemic insulin infusions. The first 5 min of each 15-diffusion artifacts, as the islets are not perfused through the capmin systemic insulin infusion were not used for calculations of illary bed. The direction of blood flow within the islet may have subsequent changes in endogenous insular hormone secretion, profound effects upon islet hormone secretion (17) . Refinements as that period was possibly required for a presumed central ner-in techniques, such as prelabeling intracellular insulin (9) and vous effect to be transferred to the pancreas. As indicated in measurements of the labeled secreted product, as well as the Table IV, 10 min after the termination of systemic insulin inmeasurement of cosecreted C-peptide (10, 14) may alleviate the fusion, pancreatic insulin, C-peptide, and glucagon secretion re-conflict between reports ofboth inhibition (6) The technique of perfusing the isolated pancreas in vitro utilizes the normal vascular pathways, intraislet cellular relationships and local intrapancreatic nervous connections. However, various reports from studies of the isolated pancreas have suggested both no effect (3, 18) and inhibition of endogenous insulin secretion by the infusions of exogenous insulin (2, 19) . Previous reports utilizing isolated perfused pancreas models have relied upon mathematical methods to measure endogenous insulin secretion that may be prone to misinterpretation (2, 3, 20) . We propose that indirect measurements of endogenous insulin secretion during the infusion of exogenous insulin, such as the measurement of C-peptide and the increment of change from the respective basal concentration during a secretion stimulus, should more conclusively demonstrate the effect ofinsulin upon the B cell (14, 19) . The rationale of the arginine-stimulated increment (Arg A) as an indicator of the inhibition of endogenous C-peptide/insulin secretion by exogenous insulin, presumes that if endogenous secretion is inhibited, there should also be a diminution of stimulated secretion in proportion to the degree of inhibition.
Under the conditions imposed by the isolated perfused pancreas model, there were no changes in basal C-peptide, glucagon or somatostatin secretion (Tables I-III) in response to infusion of exogenous insulin concentrations of 0.3, 0.6, or 1.2 mU/ml. There were no significant changes in the arginine-stimulated increment of change relative to the respective basal concentrations, as would be predicted if basal concentrations were not inhibited by exogenous insulin. Our previous report (13) concerning the lack of inhibition of glucagon and somatostatin by 50 mU/ml exogenous insulin is supported by both the present results and the work of others (21) and confirmed by the lack of inhibition of C-peptide/insulin secretion. The present results suggest that exogenous insulin does not directly inhibit endogenous C-peptide and insulin secretion in vitro and further suggest that the inhibition of endogenous insulin secretion by exogenous insulin in vivo may occur via an indirect mechanism, i.e., not through a direct insulin effect within the islet.
Recent reports, from experiments utilizing the glucose clamp technique in humans, have not further elucidated the question of the possible path or mechanism of endogenous insulin inhibition by exogenous insulin. The limitations ofthe human model do not allow one to discriminate between long loop or indirect effects and short loop or direct effects of insulin upon the B cell. Kraegen et al. (7) reported that they have found no evidence for either direct or indirect feedback of insulin upon the B cell, as varying C-peptide results were found depending upon whether exogenous insulin was infused concurrently with a glucose clamp. These investigators (7) concluded that a local pancreatic glucoseinsulin feedback loop dominated the short-term control ofbasal insulin secretion and that insulin self-regulation was not physiologically important. However, Klimes et al. (12) have reported that in Pima Indians the sensitivity of islets to exogenous insulin, i.e., reduction of C-peptide secretion, remained in subjects with marked peripheral glucoregulatory insensitivity to exogenous insulin. Moreover, other investigations using normal humans have reported decreases in endogenous C-peptide secretion during the infusion of exogenous insulin concurrently with normoglycemia maintained by a glucose clamp (4, 5, 1 1). Although the reduction of C-peptide secretion appeared to be related to the dose of exogenous insulin (4, 5, 1 1), in normal individuals a dose sufficient to increase plasma insulin to 100 1U/ml above the baseline insulin concentration was found to produce no further reduction of C-peptide secretion (5) . Near maximal suppression of hepatic glucose output was achieved at significantly lower doses of exogenous insulin (4). DeFronzo et al. (5) and Klimes et al. (12) concluded that the effects of insulin on the B cell noted above, were not mediated through the effects of insulin upon glucose metabolism.
The in situ vascularly isolated, innervated pancreas preparation is unique in that it permits the study of nervous effects on pancreatic islet function without directly exposing the islets to the agent being infused. It is most unlikely that the observed inhibition of insulin and C-peptide secretion and the concomitant increase in glucagon secretion by systemically infused exogenous insulin resulted from a direct effect upon the B cell, as little ifany exogenous insulin reached the islet. The lack ofchange in endogenous insulin and glucagon secretion during a systemic exogenous insulin infusion after the sympathetic nerves were severed, strongly suggests the presence of an insulin-dependent nervous feedback mechanism. This conclusion is supported by the observation that sympathetic nerve stimulation produced a decrease in insulin secretion, as well a brief decrease in perfusate flow resulting in an increase in perfusion pressure, indicating the presence of functional sympathetic innervation of the pancreas, even though there was nearly complete vascular isolation. The present study suggests that the inhibition of endogenous insulin secretion by exogenous insulin described in vivo (4, 5, 11, 12) occurs by an indirect mechanism, possibly mediated through the nervous system. Although we have demonstrated an indirect nervous pathway, it should be noted that glucagon secretion from the in situ pancreas increased during the systemic infusion of exogenous insulin, whereas in vivo, both glucagon and C-peptide secretion decrease during exogenous insulin infusion (1 1, 12) . This difference may be the result ofan additional neural effect that was not observed in the in situ preparation.
It is not possible to further localize the site of regulation of the demonstrated neural pathway. The insulin-dependent regulatory site may reside either within the central nervous system or within the peripheral autonomic ganglia, or a combination of the two areas. Insulin receptors have been reported within the superior cervical sympathetic ganglion that may affect postganglionic nerve transmission (22) . Insulin has been demonstrated to stimulate the release of norepinephrine in vivo (23) .
A recent report has suggested that pancreatic ganglia contain catecholamines, which in turn may release norepinephrine into the islet vasculature (24). There are also reports of insulin receptors present in the hypothalamus (25) and choroid plexus (26) . Moreover, Smythe et al. (27) have reported that hypothalamic noradrenergic activity may affect hepatic glucose output in a reciprocal relationship. Glucose may provide a negative feedback signal to the hypothalamic noradrenergic system that may stimulate the release ofhepatic glucose. However, the latter may be the result ofneurally stimulated glucagon secretion (28). Smythe et al. (28) further report that exogenous insulin first reduces central nervous glucose utilization to suppress hypothalamic noradrenergic activity within 10 min ofinfusion. After 20-30 min, noradrenergic activity was elevated. Exogenous insulin therefore may act as signal to the basal medial hypothalamus and exert rapid effects on hypothalamic noradrenergic nerve activity by promoting cellular potassium shifts to alter nerve action potentials, rather than by increasing brain glucose uptake and metabolism (26) (27) (28) (29) . Whether the neural mechanism demonstrated in situ is the same mechanism as in in vivo models has not been established because of the difference in glucagon secretion (decreased in vivo; increased in vitro) between these two systems. In summary, the present study strongly suggests that exogenous insulin does not directly suppress the B cell. Exogenous insulin can inhibit endogenous insulin secretion by an indirect neurally mediated, insulin-dependent feedback mechanism. The pharmacological dissection and classification of this nerve-mediated insulin regulatory system warrants further study.
